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A model for the Seebeck coefﬁcient in the regime of hopping transport that includes the effects of Gaussian
carrier density of states width and carrier localization allows these parameters to be derived independently of the
attempt-to-jump rate, which can subsequently be derived from measured electrical conductivity. This model is
applied to prototypical small molecular and polymer organic semiconductors to characterize carrier localization,
quantify the role of dopants on the hopping transport parameters, and derive the effective dopant ionization
fraction and activation energy.
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I. INTRODUCTION
Carrier transport in organic semiconductors (OSCs) has
traditionally been described by a thermally activated hopping
process between localized states that have an energetic disorder
modeled by a Gaussian distribution.1–3 In this description,
three material properties dictate carrier mobility (μ): the
carrier localization length (α) relative to the distance between
hopping sites; the intrinsic attempt-to-jump rate (v0), which
depends on the strength of electron-phonon coupling and
phonon density of states; and the degree of energetic disorder,
as quantiﬁed by the standard deviation (aDOS) of the carrier
density of states (DOS). Since all three parameters directly
inﬂuencemobility, it has proven difﬁcult to derive independent
values for them from ﬁts to measured electrical conductivity
(σ ) or mobility. This has led to broad quantitative uncertainty
(for example, reported values4–8 of v0 vary by more than seven
orders of magnitude depending on what values are assumed
for the other parameters) and broad qualitative uncertainty
(in particular, the effect of molecular structure on mobile
carrier localization) regarding the nature of charge transport
in OSCs. Inconsistencies further exist between models and
experiments; for example, models5–7 traditionally assume α
to be much less than the molecular spacing (l) and ﬁt data
for high-mobility OSCs using very large values of v0,6,7
yet these assumptions are inconsistent with measurements
showing the mobility to have a ﬂat or negative temperature
dependence9,10 and the carrier wave function to have a size
greater than l,11 both of which have been interpreted as
indicative of “bandlike” transport.10,11 Furthermore, as OSCs
become increasingly utilized for device applications12–15 it is
critical to quantitatively assess the effects of dopants on carrier
localization and other hopping parameters.
Because the Seebeck coefﬁcient (S) is related to the average
energy of conducting carriers, it is sensitive to the DOS
shape (e.g., aDOS) and the wave-function overlap for carriers
of a particular energy (e.g., α). It is not, however, sensitive
to v0 under the normal assumptions of thermally activated
hopping,2,16 for which this rate is energy independent.
Here we present a model for S and σ in the case of a Gaus-
sian DOS that provides their explicit analytic dependences on
aDOS and α. We then use this model to derive aDOS, α, and
v0 for the prototypical high-mobility small molecular OSC
pentacene and the prototypical high-mobility polymer OSC
poly(3,4-ethylenedioxythiophene) (PEDOT). This method
indicates α > l for both materials, which the model further
shows to be consistent with a veryweak (bandlike) dependence
of mobility on temperature. We then show how bulk doping
and a ﬁeld-effect geometry impact the hopping parameters of
pentacene differently, and analyze the impact of additives and
dopant type on the hopping parameters of PEDOT.
II. MODEL
S is proportional to the average energy of conducting charge
carriers with respect to the Fermi energy (EF ):
S = − k
q
∫ ∞
−∞
(E − EF )
kT
σ (E)
σ
dE = − 1
qT
(Etr − EF ) , (1)
where k and q are the Boltzmann constant and unit charge.
To facilitate comparison with crystalline inorganic solids, we
deﬁne the transport energy as the mean energy of conducting
charge carriers:
Etr = 1
σ
∫ ∞
−∞
Eσ (E)dE, (2)
rather than the energy at which the hopping rate is fastest.7
In the weak ﬁeld limit, the Miller-Abrahams hopping model
gives the transition rate between sites i and j as1
vij = v0 exp
[
−2Rij
α
− Ej − Ei
kT
θ (Ej − Ei)
]
, (3)
where Rij is the intersite distance, Ei is the energy at site
i, and θ (Ei − Ei) is the Heaviside unit step function. This
model has been shown to agree well with experimental data
on OSCs, including those with high carrier concentrations.4,17
The average rate v(E) at which carriers transition from energy
E to a different energy (i.e., the escape rate) is given by the
sum of the average downward [v↓(E)] and upward [v↑(E)]
hopping rates:
v↓(E) = v0 exp
[
−2R(E)
α
]
, (4a)
v↑(E) =
∫ ∞
E
exp
(
−ε − E
kT
)
v↓(ε)h(ε)dε,h(ε)
= g(ε) [1 − f (ε)]∫∞
E
g(ε) [1 − f (ε)] dε , (4b)
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where g(ε) is the carrier DOS, f (ε) is the Fermi-Dirac
distribution, and the average distance carriers at energy E
must hop is given by7
R(E) =
{
4π
3B
∫ E
−∞
g(ε) [1 − f (ε)]dε
}−1/3
, (5)
which takes into account state ﬁlling at high carrier concentra-
tions aswell as the percolation threshold parameterB (∼2.7).18
In contrast to other hopping models,5–8,16 the formulation of
Eqs. (4) and (5) allows straightforward calculation of the
energy-dependent hopping rate v(E), which is essential for
evaluation of S. While the DOS for inorganic semiconductors
(ISCs) with static disorder is typically represented by a
parabolic band of extended states with a small percentage
of localized states occupying an exponential tail,19 the DOS
for OSCs is primarily made up of localized states (due to
the sensitivity of weak bonds to dynamic disorder20) and is
typically Gaussian:3,21,22
g(ε) = Nt (nd )√
2πa2DOS
exp
(
− ε
2
2a2DOS
)
, (6)
where aDOS depends on material morphology.23 To approxi-
mate the effect of dopant volume, which increases hopping
distance and thereby exponentially decreases the transition
rate, we introduce a total DOS Nt that depends on the dopant
concentration (nd ):
Nt (nd ) = N01 + rnd/N0 = η(r,nd )N0, (7)
where r is the ratio between the dopant and host molecule
volumes andN0 is the intrinsic (undoped)DOS, assumed equal
to the intrinsic molecular density.24 The carrier mobility can
be calculated using the generalized Einstein relation (valid to
high carrier concentrations):25,26
μ(E) = q
kT
[1 − f (E)]
[
R(E)2v↓(E)
+
∫ ∞
E
R(ε)2 exp
(
−ε − E
kT
)
v↓(ε)h(ε)dε
]
. (8)
The carrier concentration-dependentmobilityμ(n) can then
be written in terms of the energy-dependent conductivity
σ (E) = qg(E)f (E)μ(E) as
μ(n) = η1/3 exp
[
2
l(1 − η−1/3)
α
][∫∞
−∞ σ (E)dE
qn
]
r=0
, (9)
where l is the molecular spacing and the free carrier concen-
tration n is given by
n = bnd =
∫ ∞
−∞
g(ε)f (ε)dε, (10)
where b is the effective ionization fraction deﬁned as the
number of mobile carriers per dopant. At low carrier con-
centrations, semianalytic expressions can be derived for σ
and S. The conductivity and mobility [valid for (l/α)3  1,
n/N0 < 10−2] are given by
σ = qnμ = qnμ0 exp
[
−p0 − C1aˆDOS −
(
C2 − C3
p0
)
aˆ2DOS
]
exp
[
1
2
(
aˆ2DOS − aˆDOS
) (2n
Nt
)δ]
, (11)
where μ0 = ql2v0/aDOS, aˆDOS = aDOS/kT , p0 = C4(B/Ntα3)1/3, and δ = (2/aˆ2DOS)[ln(aˆ2DOS − aˆDOS) − ln(ln 4)]. Constants C1,
C2, C3, and C4 have best-ﬁt values of 0.26, 0.51, 1, and 1.44, respectively; this four-constant parametrization and the associated
numerical values are consistent with OSCs under a range of transport models.5 The Seebeck coefﬁcient (valid for n/Nt  10−6)
is given by
S = EF − Etr
qT
= 1
qT
((
kT ln
n
Nt
− 1
2
a2DOS
kT
)
−
{
aDOS
4
[
ln
(√
2
π
2B
9π2
)
− 7
5
√
aˆDOS ln aˆDOS + ln 1
Ntα3
]})
. (12)
Numerical calculations can be used to examine transport
at relatively large delocalization (α > l) or high carrier
concentrations. Figure 1(b) plots normalized mobility (μ/μ0)
calculated using (9) versus normalized carrier concentration
(n/N0) for two values of r and several values of aDOS that
are typical of OSCs at room temperature. Also shown in
Fig. 1(b) are the results of a numerical solution of the master
equation for hopping transport6 that does not use the averaging
approximations of Eqs. (4) and (5). Since the master equation
approach assumes that hopping primarily occurs between
nearest neighbors, R(Etr) is set equal to l and incorporated
into the general equations (9) and (11) for this ﬁgure, a method
previously utilized7 to facilitate comparisons of other models
with the master equation approach. Good agreement is found
up to a normalized carrier concentration of 10−2, beyond
which the mobility is known to decrease as predicted by the
model developed here due to the occupation probability of
ﬁnal states.5 Comparison of the two models supports the use
of Eqs. (4) and (5) to derive the energy-dependent hopping
rate v(E).
It is apparent from Fig. 1(c) that dS/d (ln n) is primarily
governed by aDOS and relatively unaffected by α. Given data
for S(n), therefore, aDOS can ﬁrst be determined by a slope ﬁt
and α can then be determined by a subsequent ﬁt. With these
two parameters, v0 can then be determined by a ﬁt to σ data.
III. COMPARISON WITH EXPERIMENTAL DATA
To demonstrate this independent ﬁtting of the three hopping
parameters, Fig. 2(a) shows experimental data for a pentacene
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FIG. 1. (Color online) (a) Electron mobility in silicon at T =
300K (Ref. 40).N0 for Si is set as its atomic density (5 × 1022 cm−3).
(b) OSC mobility at 300 K as calculated by Eq. (9) (solid and dashed
lines) and a master equation for hopping transport (Ref. 6) (symbols).
α = 0.1l is used for both and b is set to unity. Also shown is the
low carrier concentration expression of Eq. (11) (dot-dashed lines).
(c) Calculation of |S|.
ﬁeld-effect transistor (FET)10 and a 2,3,5,6-tetraﬂuoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) doped bulk pentacene
ﬁlm27 at room temperature. By a slope ﬁt, we ﬁnd aDOS =
FIG. 2. (Color online) (a) and (b) Calculated S and σ for various
α. Measured room temperature data for pentacene FETs (Ref.10)
(closed symbols), doped bulk pentacene ﬁlms (Ref. 27) (open
symbols), and silicon (Ref. 41) are also shown.N0 = 2.9× 1021 cm−3
is used for pentacene (Ref. 24). Measured FET channel densities are
converted to carrier concentrations based on the effective FET channel
thickness (3 nm) (Ref. 28). Measured dopant mole fractions for the
bulk ﬁlm are converted to carrier concentrations based on b = 0.76 as
reported for F4-TCNQ in pentacene (Ref. 27). Measured ﬁeld-effect
mobility is used to calculate σ for the FET, since it is typically similar
to the Hall mobility for small molecular FETs (Refs. 10 and 29).
(c) Temperature dependence of mobility for several values of α at
n/N0 = 10−2, a typical concentration for operating FETs.
0.12 eV for both the FET and the bulk ﬁlm; using this, we
then derive α = 1.5l for both. Using these values, we then
derive v0 = 2.2 × 1013 s−1 for the FET and 2.5 × 1011 s−1 for
the bulk ﬁlm [Fig. 2(b)]. For the bulk ﬁlm, ﬁtting σ at high
n allows r = 8 to be derived (which is a reasonable volume
expansion for impurities in pentacene30), while r = 0 for the
FET since no dopants are present.
The derived α suggests more than an order of magnitude
greater delocalization of carriers in pentacene than that
typically assumed for OSCs in hopping models.5–7 This
delocalization results in a predicted temperature dependence
of mobility that is very weak based on our model [Fig. 2(c)],
whereas mobility follows a ln(μ) ∼ −1/T relationship for
strongly localized carriers [(l/α)3  1] at vanishing carrier
concentrations. These model predictions are consistent with
prior measurements of polycrystalline pentacene FETs10
which found that ﬁeld-induced carriers are not fully extended
but instead localized with a length larger than the molecular
spacing, even though the mobility demonstrates a bandlike
temperature dependence. Furthermore, the derived hopping
parameters suggest that ionized dopants in pentacene primarily
affect electron-phonon coupling and the phonon DOS rather
than carrier localization. Thewave functions of mobile carriers
remain governed by the host molecules between which hop-
ping takes place31 (consistent with measurements of polyani-
line in which α was found to remain nearly constant regardless
of the dopant used32), while volume expansion or other
conformational changes due to dopant incorporation soften
the material, reducing its elastic modulus33 and redshifting the
dominant phonon frequency34 at which electron coupling oc-
curs. The much larger value of v0 for the FET is also consistent
with its much larger mobility (0.15 cm2/V s)10 compared to
F4-TCNQdoped bulk pentacene (0.0016 to 0.0028 cm2/V s).27
We note that if hopping transport occurs in an OSC
for which complexities such as carrier percolation along
grain boundaries exist, the derived hopping parameters will
represent effective values which depend to some extent on
ﬁlm morphology; for example, samples with smaller grain
size and hence larger disorder may be expected to have a
larger DOS width.23 However, an isotropic hopping model
with a regular cubic lattice such as the one assumed here has
successfully described transport in many small molecular23,35
and conjugated polymer4–6 OSCs.
Dopant type is known to have a strong effect on trans-
port in PEDOT, as evidenced by recent observations in
which the maximum thermoelectric power factor (S2σ ) was
found to increase from 6.0 × 10−6 W/mK2 when doped
with poly(styrenesulfonate) (Pss)36 to 3.24 × 10−4 W/mK2
when doped with tosylate (Tos) [Fig. 3(a)],15 raising the
thermoelectric ﬁgure of merit from 0.01 to 0.25. Literature
studies of S in PEDOT and other polymer OSCs typically
do not measure free carrier concentration directly but instead
measure oxidation level (ox= nd/Nt ), which gives the fraction
of ionized dopants. However, not all ionized dopants contribute
mobile carriers,31 resulting in an effective ionization fraction
(b) less than unity:37
n
nd
= b = exp(−Ea/kT ) = exp
[−(Ea,max − βn1/3d )/kT ],
(13)
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FIG. 3. (Color online) (a) Room temperature S2σ measured
(Ref. 15) in PEDOT:Tos (symbols) and calculated for a general OSC
and silicon (lines) (Refs. 40 and 41). The value of v0 derived for
PEDOT:Tos (1× 1014 s−1) for ox > 16% is assumed in general OSC
calculations. (b) S and σ vs n/Nt for PEDOT:Tos (Ref. 15) (open
symbols) and PEDOT:Pss (Ref. 36) (closed symbols).Nt = 1021 cm−3
and r ∼ 1 (based onmolecular weights of Tos and EDOT) are used for
numerical calculations (Ref. 39). (c) Effective ionization fraction cal-
culated for PEDOT:Tos (symbols) and a ﬁt to Eq. (13) (dashed line).
where Ea,max is the maximum activation energy of the dopant
at dilute concentrations and β captures the dependence of
Ea on dopant concentration. To convert oxidation level to
n for PEDOT:Tos,15 we ﬁrst note that dS/d (ln ox) for low
oxidation levels (<25%) is much greater in magnitude than the
characteristic value of − k/q, implying that b is increasing.
For high oxidation levels (>25%), dS/d (ln ox) is very close
to − k/q, implying that b is constant; we take this constant to
be unity (i.e., each additional ionized dopant contributes one
mobile carrier). While this high-concentration region provides
a sufﬁcient basis on which to derive the hopping parameters,
the sensitivity of S to free carrier concentration further enables
derivation of b, β, and Ea,max. By simultaneously ﬁtting the
measured S and σ data for ox > 16% using the S and σ
models developed above as well as Eq. (13), we ﬁnd Ea,max =
0.83 eV, which is on the order of the exciton binding energy
in OSCs,38 and β = 1.3× 10−7 eV cm, which is similar to
its value in other OSCs.37 Below 16% oxidation level, b
changes rapidly, which we attribute to the strong binding
energy of the accumulated tetrakis(dimethylamino)ethylene
(TDAE) species used to dedope the PEDOT:Tos. For these
ﬁve lowest-concentration data points, the effect of the TDAE
is apparent in σ but not S, suggesting that v0 is reduced while
α is unaffected, as with F4-TCNQ in pentacene.
A ﬁt to dS/d (ln n) yields aDOS = 3.5 ± 0.4kT , which is
typical for PEDOT.8 Fits to S vs n and σ vs n yield α = 2.1l
and v0 = 1 ± 0.2 × 1014 s−1, respectively, for PEDOT:Tos.
As shown in Fig. 3(a), data for PEDOT:Tos, PEDOT:Pss
FIG. 4. (Color online) Fits of the model to further experimental
data, demonstrating how d|S|/dT changes as α increases from
an activated (|S| ∼ 1/T ) regime in NTCDA to an intermediate
(|S| ∼ const.) regime in pentacene to a VRH (|S| ∼ T ) regime in
polyacetylene.
without additives, PEDOT:Pss with 5% ethylene glycol (EG),
and PEDOT:Pss with 5% dimethyl sulfoxide (DMSO)36 all
fall on the same S curve, indicating that α is unaffected
by dopants or additives. However, as is clear from the
plot of σ , v0 in PEDOT:Pss increases considerably in the
presence of additives (no additives: 1.4 ± 0.2 × 1013, EG:
7.9 ± 0.2 × 1013,DMSO: 1 ± 0.2 × 1014 s−1), consistentwith
the fact that DMSO and EG are known to produce rodlike
conformations that increase the polymer’s elastic modulus.33
As with pentacene, these results suggest that the primary effect
of doping in PEDOT is on its vibronic characteristics, which
impact the intrinsic attempt-to-jump rate v0; the enhancement
of maximum S2σ in PEDOT:Tos vs PEDOT:Pss is due to
an increase in electron-phonon coupling or change in the
phonon DOS rather than an increase in carrier delocalization.
This maximum S2σ occurs at a high carrier concentration
(as predicted by our model) as the distribution of conducting
carriers shifts to high energieswhereμ ismuch larger. It should
be noted that additional scattering mechanisms (e.g., impurity
scattering) will affect carrier localization and transport for
large values of α (α  l).
We can likewise characterize transport in OSCs by exam-
ining ﬁts to S vs T (Fig. 4). For Naphthalenetetracarboxylic
dianhydride (NTCDA), a ﬁt of the model to experimental
data 42 yields α = 0.2l and n/Nt = 5.2 × 10−7. Both the
numerical (Fermi-Dirac) and analytical [Eqs. (11) and (12)]
solutions for σ (not shown) and S are accurate in this highly
localized, low carrier concentration regime, in which both
properties are expected to exhibit an activation energy.19
Consistent with this expectation, σ and S both show an
activated (∼1/T ) temperature dependence. The activation
energies derived by the model for the values of α and n/Nt
given above are εa,σ = 404 meV and εa,S = 326 meV, which
are very close to the measured values42 of εa,σ = 400 meV
and εa,S = 330 meV. For polyacetylene, a ﬁt of the model to
experimental data43 yields α = 4.7l and n/Nt = 2.34 × 10−1;
this relatively delocalized, high carrier concentration regime is
consistent with variable-range hopping (VRH) transport. The
model accurately shows that S increases with T (consistent
with VRH19) and that the increase is approximately linear
(similar to the predicted temperature dependence of VRH for
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an exponential DOS44). Finally, we show S(T ) predicted by
themodel for pentacene at n/Nt = 2.1 × 10−2, where we have
used the localization length (α = 1.5 l) derived above from ﬁts
to S vs n.While the available S vs T data for a pentacene FET45
are somewhat noisy, they do appear to follow the predicted
trend.
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